Air pollutant exposures are linked to cardiopulmonary diseases, diabetes, metabolic syndrome, neurobehavioral conditions, and reproductive abnormalities. Significant effort is invested in understanding how pollutants encountered by the lung might induce effects in distant organs. The role of circulating mediators has been predicted; however, their origin and identity have not been confirmed. New evidence has emerged which implicates the role of neuroendocrine sympathetic-adrenal-medullary (SAM) and hypothalamic-pituitary-adrenal (HPA) stress axes in mediating a wide array of systemic and pulmonary effects. Our recent studies using ozone exposure as a prototypical air pollutant demonstrate that increases in circulating adrenalderived stress hormones (epinephrine and cortisol/corticosterone) contribute to lung injury/inflammation and metabolic effects in the liver, pancreas, adipose, and muscle tissues. When stress hormones are depleted by adrenalectomy in rats, most ozone effects including lung injury/inflammation are diminished. Animals treated with antagonists for adrenergic and glucocorticoid receptors show inhibition of the pulmonary and systemic effects of ozone, whereas treatment with agonists restore and exacerbate the ozone-induced injury/inflammation phenotype, implying the role of neuroendocrine activation. The neuroendocrine system is critical for normal homeostasis and allostatic activation; however, chronic exposure to stressors may lead to increases in allostatic load. The emerging mechanisms by which circulating mediators are released and are responsible for producing multiorgan effects of air pollutants insists upon a paradigm shift in the field of air pollution and health. Moreover, since these neuroendocrine responses are linked to both chemical and nonchemical stressors, the interactive influence of air pollutants, lifestyle, and environmental factors requires further study.
development leads to reprogramming of these axes resulting in increased risk of disease as the offspring age (Cottrell and Seckl, 2009; Kapoor et al., 2006) . Steroidal and adrenergic medication that targets the receptors associated with stress hormones are commonly administered to alleviate inflammatory and other disease conditions (Barnes, 1998; Nelson, 1995) .
In addition to increasing the risk of disease, stress is also associated with the exacerbation of adverse effects following exposure to inhaled environmental pollutants (Clougherty and Kubzansky, 2009; O'Neill et al., 2003) . For instance, Rosa et al. (2017) have demonstrated that the encounter of stressors during pregnancy increases the risk of asthma in children exposed to air pollution. In children living in an urban environment, exposure to violence (a chronic stressor) elevated the risk of asthma associated with traffic-related air pollution (Clougherty et al., 2007) . Children from high-stress households were also at an increased risk of lung function deficits when exposed to traffic pollution (Islam et al., 2011) . These epidemiological studies suggest the involvement of the neuroendocrine stress pathways in mediating air pollution health effects; however, there are few experimental studies to demonstrate the mechanisms behind these adverse outcomes.
Annually, over 3 million people die by direct consequence of ambient outdoor air pollution world-wide demonstrating a significant health burden (World Health Organization, 2016) . Exposure to air pollution has been linked to respiratory, cardiovascular, metabolic, neuronal, and developmental diseases. The evidence gathered from epidemiological and toxicological studies show that in addition to the lung, air pollution affects multiple extrapulmonary organs of the body. The mechanisms by which inhaled pollutants affect extrapulmonary organs remains an area of research interest. It is postulated that the extrapulmonary effects of lung-encountered pollutants are mediated by 3 potential mechanisms (Donaldson et al., 2001; Kodavanti et al., 2011) : (1) once deposited in the lung, soluble gases/vapors, and leachable/insoluble nano-sized particulate components can be absorbed into the circulation and distributed to extrapulmonary organs where they mediate effects, (2) injury to local lung cellular milieu or lung lining structures produce bioactive and vasoactive components and cytokines that subsequently circulate and encounter extrapulmonary tissues where they produce effects, and (3) air pollutants interact with pulmonary nerves and receptors that activate the autonomic nervous system leading to systemic alterations. Since air pollution is composed of numerous chemically and physically heterogeneous substances, none of these theories can be discounted. Rather, using individual components of air pollutants, experimental studies have proved that all these mechanisms can be supported (Carll et al., 2013; Chen et al., 2018; Wallenborn et al., 2007) . However, regardless of the specific differences in physicochemical characteristics, one can presume that the initial cellular interaction upon encountering pollutants and the associated irritancy might induce a rapid and generalized neural stress response that affects all organs.
In this review, we will discuss the following: (1) the potential role of autonomic sensory pathways in triggering central neuroendocrine stress response, (2) how air pollution health effects are comparable to stress response mechanisms involving homeostatic balance and allostasis, and (3) the evidence of pollution-induced adverse effects on the brain, lung, and metabolic organs through activation of neuroendocrine stress pathways. Although neuroendocrine mechanisms have been widely implicated in health and disease, the role of stress pathways in mediating pulmonary and extrapulmonary health effects of air pollutants has been overlooked in experimental studies. The emerging mechanisms by which air pollutants activate the neuroendocrine system and release stress hormones into the circulation to produce multiorgan effects insists upon a paradigm shift in the field of air pollution and health, chronic disease susceptibility, and developmental impairment.
AUTONOMIC REGULATION OF CARDIOPULMONARY FUNCTIONAL ALTERATIONS
Studies using gaseous air pollutants have implicated the role of the autonomic nervous system in pulmonary and cardiovascular physiological effects (Alarie, 1973; Godleski et al., 2000; Nielsen et al., 2007; Widdicombe and Lee, 2001) . Numerous intervention and physiological experiments have shown that within minutes after inhalation of gaseous pollutants, animals react by producing reflex bronchoconstriction, apnea, cough, and/or sensory irritation depending on the chemical nature of inhalant. Based on the solubility and chemical nature of the pollutant, Alarie (1973) classified the respiratory irritants as follows:
(1) sensory irritants, which deposit in the nasal cavity and stimulate the trigeminal nerve to induce irritation, coughing, and bronchoconstriction (acrolein, ammonia, and sulfur dioxide); (2) pulmonary irritants, which deposit in bronchiolar and parenchymal regions and cause bronchoconstriction or apnea (ozone, nitrogen dioxide, and phosgene); and (3) respiratory irritants, which induce irritation across the entire respiratory tract (chlorine, particulate matter [PM] , and chloropicrin). These inhaled pollutants, depending on their concentration, solubility, and/or size, stimulate trigeminal and vagal sensory neurons to induce reflexively mediated cardiopulmonary changes.
A large body of epidemiology and human clinical studies support the role of the autonomic nervous system in cardiovascular electrophysiological changes due to high levels of particulate and gaseous pollutants (Magari et al., 2002; Sun et al., 2010; Zanobetti et al., 2014) . Acute vasoconstriction in human subjects exposed to diesel exhaust was presumed to involve nociception and renin-angiotensin systems (reviewed in Sack et al., 2016) . Clinical studies involving exposure to air pollutants at ambient levels have also demonstrated alterations in heart rate variability, autonomic tone, and cardiovascular physiology (Cascio, 2016; Gold et al., 2000; Huang et al., 2012) . A number of animal studies have corroborated the findings that changes in parasympathetic and sympathetic tone are involved in cardiac electrophysiological changes following exposure to gaseous and particulate pollutants (Carll et al., 2013; Perez et al., 2015) . Along the same line, several studies have shown decreased heart rate, cardiac depression, and bradycardia as a consequence of exposure to air pollutants in animals likely involving parasympathetic influence (Gordon et al., 2014; Uchiyama et al., 1986; Wagner et al., 2014) . These studies support the role of the autonomic nervous system in mediating cardiac electrophysiological changes after air pollution exposure.
The autonomic sensory neurons innervate the upper (including nasal cavity) and lower respiratory tract, and relay perceived information about chemical, odor, irritant, and mechanical stimuli to the brain centers. Once processed, the responses are sent to the effector site through motor neurons producing rapid reflex reactions including cough, apnea, bronchoconstriction, and/or pain sensation that are important in protecting the host from the damaging influence of external stimuli or internal change (Alarie, 1973; Mazzone and Undem, 2016) .
Trigeminal sensory neurons innervate nasal cavity and facial tissues, and relay the information to external trigeminal ganglion and the central nervous system (CNS) mesencephalic trigeminal nucleus (Figure 1 ; Lazarov, 2012) . The motor neurons travelling through the trigeminal ganglion relay the information back to the nasal upper respiratory tract. Vagal sensory neurons innervating the upper and lower respiratory tract includes 20% of the total sensory innervation of the body (Mazzone and Undem, 2016; McGovern and Mazzone, 2014) . The fibers originating from nodose ganglion include myelinated rapidly adapting stretch receptors (RARs; Ab fibers), slowly adapting stretch receptors (SARs), relatively faster acting Ad fibers, and bronchopulmonary C-fibers. Those originating from the jugular ganglion are slow acting nociceptor C-fibers and some of the nociceptor Ad fibers (Mazzone and Undem, 2016) . Pulmonary Cfibers originating from jugular ganglion express neuropeptides, substance P, neurokinin A, vasoactive intestinal polypeptide (VIP), calcitonin gene-related peptide (CGRP), and receptors, such as transient receptor potential vanilloid 1 (TRPV1) and transient receptor potential cation channel, subfamily A, member 1 (TRPA1) that respond to chemical and electrophilic stimuli (Mazzone and Canning, 2013) . Those neural terminals originating from nodose ganglion are closely associated with neuroendocrine bodies (ie, neuroendocrine cells) that express ATP, serotonin, and various other neuropeptides. The distribution of these terminals along the airways and alveoli differ between different laboratory animals (Mazzone and Undem, 2016) . The wide distribution of these C-fibers is critical in sensing the changes in the chemical composition of the airway lining, epithelium, and interstitial tissues within the lung. For instance, a number of studies have shown the role of pulmonary C-fibers and TRPA1/TRPV1 activation in mediating cardiovascular and respiratory physiological changes following exposure to air pollutants (Deering-Rice et al., 2012; Kurhanewicz et al., 2017) .
The signals originating from the respiratory tract traversing through the jugular and nodose ganglia are processed and integrated in the brainstem resulting in reflex cardiopulmonary responses, and are also sent to the higher order brain centers for further integration (Mazzone and Undem, 2016) . The neural projections to the jugular ganglion are confined primarily to the paratrigeminal nucleus (Pa5) whereas those to the nodose ganglion are confined to the nucleus tractus solitarius (NTS) within the brainstem (Figure 1 ). Integration at each stage generates defensive responses which are relayed back to effector organs via efferent sympathetic (nor-adrenergic) and parasympathetic (cholinergic) outflow (Pereira and Leite, 2016) . These neural terminals innervate part of the respiratory tract in most laboratory animals (McGovern and Mazzone, 2014) . In humans, the sympathetic innervation to airway smooth muscles is modest, and the bronchial responses are primarily regulated by circulating catecholamines and noncholinergic parasympathetic innervation (McGovern and Mazzone, 2014) .
The roles of specific mediators released at the nerve terminals in the lung, the specificity of neuronal bundles conveying distinct pollutant signals through activation of these receptors to the brain, and how the information is processed to activate hypothalamic stress pathways have not been fully understood. Examining the distinct roles of jugular nerve fibers at the respiratory nerve terminals versus nodose fibers which are in close association with neuroendocrine bodies in mediating specific brain reflex responses and activation of the neuroendocrine system will provide insights into the mechanism by which the brain regulates air pollution-induced pulmonary and systemic responses. 
NEUROENDOCRINE REGULATION OF HOMEOSTASIS UNDER STRESS, ADAPTATION, AND ALLOSTATIC LOAD
During the process of evolution, organisms have developed complex autonomic and neuroendocrine systems to recognize danger signals or threatening situations, interpret the information, and initiate an appropriate and immediate survival response. The physiological and biochemical characteristics of this response have been studied for decades in relation to various kinds of physical and perceived stress encounters. The most prominent manifestations of this response are physiological changes such as increased heart rate, dilated pupils, and changes in blood flow. These rapid, adaptive responses accomplish 2 fundamental survival needs of an organism: (1) protect potential injured tissues and prepare the body to fight possible invading pathogens by generating a protective immune response, and (2) ensure adequate availability of nutrients by conserving and channeling energy resources to different areas of the body based on need (Ulrich-Lai and Herman, 2009) . Once the perceived threat is eliminated or avoided, the organism's biology returns to the state of normality. Homeostasis is a condition of stability in the internal environment of an organism despite changes in the external environment. The term "homeostasis" has been defined, discussed, and debated in many excellent reviews (Goldstein and Kopin, 2017; McEwen, 2016) . The exposure to stressors such as sudden environmental change, exposure to noxious agents or pathogens, lack of food, predator fear, socially demeaning situations, or a disturbed biological process in the body are rapidly recognized by the sensory autonomic system and processed through the activation of the neuroendocrine system (McEwen, 2016; McEwen et al., 2015) . This autonomic neuroendocrine response involving the activation of the sympathetic and parasympathetic nervous systems brings about organ-specific changes in metabolic and immune processes to protect the affected organ(s).
Alternatively, the term "allostasis" was coined in several review papers by McEwen and collaborators as "maintaining stability through change, as a fundamental process through which organisms actively adjust to both predictable and unpredictable events" (McEwen, 2016; McEwen and Wingfield, 2010) . Allostasis also incorporates the brain programming that is linked to adaptation/learning upon repeated encounters of a stressor. However, in some chronic stress conditions, adaptability can be compromised through defects in biological pathways of the neuroendocrine system leading to allostatic overload (Ramsay and Woods, 2014) . McEwen and collaborators (2015) explained 2 types of allostatic overload situations: (1) when there is a limited supply of food, the organism will adapt a lifestyle that requires less energy and once the food supply is adequate, the normality is reestablished, and (2) in many circumstances, the stressful situation is not related to the shortage of energy supply in humans, but rather involves other types of stressors, including psychosocial. Over time, these stressors are likely to lead to allostatic load (McEwen and Stellar, 1993) , and upon repeated encounters, is associated with accelerated aging, diabetes, and neurodegenerative and cardiovascular diseases.
A fight-or-flight response is rapidly orchestrated through activation of sympathetic nor-adrenergic, HPA, SAM, hypothalamic-pituitary-thyroid (HPT), and hypothalamicpituitary-gonadal (HPG) axes to affect visceral effector organs (Kozlowska et al., 2015) . The stress hormones and neurotransmitters released by the motor sympathetic and parasympathetic activation play a key role in mediating tissue specific responses largely governed by differential patterns of receptor subtypes, distribution, and specificity for stress hormones or neurotransmitters. The homeostatic responses they generate are reversible once the stressor is removed and homeostasis is reestablished (Herman, 2018) . However, the magnitude of this response likely determines if the homeostatic balance is achievable or if the lingering effect of stressors culminates in allostatic load over time.
A large number of air pollution studies involving animal models and humans have demonstrated that cardiac and pulmonary physiological changes are mediated through the activation of the autonomic nervous system (Carll et al., 2013; Gold et al., 2000; Perez et al., 2015) . It has been recognized that these adaptive and reversible physiological changes induced after an acute air pollution exposure (ie, irritation, hypothermia, changes in respiratory, and cardiac physiological rhythms) involve multiple organs (reviewed in Alarie, 1973; Gordon et al., 2008; Pauluhn, 2004) . However, neither the mechanistic pathways, immunological, and metabolic consequences of these changes, nor their relation to the neuroendocrine system have been established in the field of air pollution toxicology until recently (Kodavanti, 2016) . New evidence supports a paradigm by which inhaled pollutants activate the neuroendocrine system and can impact physiological processes that involve homeostasis/allostasis and allostatic overload. Furthermore, it has been established that upon encountering a stressor, neurons in the NTS expressing norepinephrine and glucagon-like peptide-1 (GLP1) that project to the paraventricular nucleus (PVN; Figure 1 ), play a major role in integrating acute HPA activation with other stress pathways to generate a systemic adaptive response (Herman, 2018) . However, the involvement of this pathway and how the lung communicates with stress responsive regions in the brain during an exposure to air pollutants is not well understood.
THE EVIDENCE OF IRRITANT AIR POLLUTANT-INDUCED NEUROENDOCRINE STRESS RESPONSES
Adaptive stress responses are conserved from an evolutionary point of view and are present in all living organisms (Fink, 2010) . The activation of SAM and HPA axes produce behavioral and physiological changes in the host (Figure 2) . Biogenic or physical stress bypasses interpretative mechanisms and promotes the neuroendocrine changes (Everly and Lating, 2013) . SAM axis activation is controlled by the direct sympathetic innervation of the adrenal medulla, which causes the release of epinephrine and norepinephrine into the bloodstream (Ranabir and Reetu, 2011) . Although epinephrine is primarily made in the adrenal medulla, only a small portion (10-20%) of circulating norepinephrine is derived from here. Sympathetic nerve endings distributed in all organs of the body produce norepinephrine locally, which in a paracrine manner induce rapid local responses through binding of norepinephrine to adrenergic receptors.
HPA axis activation starts with the release of corticotropin releasing hormone (CRH) from the PVN of the hypothalamus, which activates the pituitary gland to release adrenocorticotropic hormone (ACTH) into the circulation, which in turn binds to melanocortin receptor type 2 located in the adrenal cortex (Figure 2) . This promotes the release of glucocorticoids from the adrenal cortex. In humans this is primarily cortisol while in rodents it is corticosterone (Koren et al., 2012) . Epinephrine and corticosterone/cortisol, through their action on the adrenergic and steroidal receptors in various tissues, cause mobilization of energy sources from their depots, induce immune surveillance, redirect blood flow to areas in need, and generate many other changes associated with a fight-or-flight response (Figure 2 ; Everly and Lating, 2013) . This neuroendocrine activation response initiates changes in virtually all organ systems that varies based on the type of stressor and the distribution of receptor subtypes.
Inhalation of a prototypic air pollutant, ozone, has been associated with the activation of stress responsive regions in the brain as determined by increased c-fos staining (Gackiere et al., 2011) . We and others have recently observed that acute exposure to irritant air pollutants increased levels of ACTH, corticosterone, and epinephrine in rodents, as well as cortisol and corticosterone in humans (Bass et al., 2013; Martrette et al., 2011; Miller et al., 2016a,b,c; Snow et al., 2017; Thomson et al., 2013) . A 4-month exposure to concentrated ambient PM was also associated with the inhibition of HPG axis in male mice (Qiu et al., 2017a) . The evidence presented below supports the involvement of neuroendocrine stress pathways in systemic and pulmonary health effects of air pollutants.
Effects of Air Pollution Exposure on the Brain
There are numerous studies implicating air pollution to a variety of neurological and neurobehavioral abnormalities. A number of recent reviews have summarized studies which show an association of air pollution with autism spectrum disorders (Bilbo et al., 2018 ), Parkinson's disease (Palacios et al., 2017) , anxiety and depression (Vert et al., 2017) , and neurodegenerative disorders (Heusinkveld et al., 2016) . Multiple experimental studies have also emerged demonstrating effects of air pollutants on the brain. Acute exposure to PM and ozone have been shown to impair microvascular integrity and blood-brain barrier in animals (Suwannasual et al., 2018) . Diesel exhaust exposure is associated with microglial inflammation in different areas of rat brains (Levesque et al., 2011) . In rats, ozone inhalation promoted hippocampal neurodegeneration and reduced repair (RivasArancibia et al., 2010). The CNS effects including neuroinflammation, oxidative stress, and autonomic processes following ozone exposure have been recently reviewed (Martinez-Lazcano et al., 2013) . Collectively, these studies demonstrate that acute and subacute air pollution exposure induces a variety of adverse responses in different areas of the brain.
The mechanisms of how these changes occur and relay signals to the periphery after pollutant inhalation remains unclear. An emerging mechanism proposing the formation of circulating bioactive factors derived from the lung that disrupt the bloodbrain barrier and interact with brain glial cells to cause injury and inflammation is one possibility. Recent studies demonstrating activation of microglial following ozone exposure (Mumaw et al., 2016) as well as disruption in the blood-brain barrier and neuroinflammation following pulmonary exposure to multiwalled carbon nanotubes (Aragon et al., 2017) support this Figure 2 . Organ-specific metabolic effects of neuroendocrine stress response induced by inhaled irritants. Irritant pollutants interacting with the lung (solid green arrow) result in sensory signals and pulmonary mediators that cause neuroendocrine activation in the brain (solid red arrow). Activation of the hypothalamic-pituitaryadrenal (HPA; solid black arrows) and sympathetic-adrenal-medullary (SAM; dotted blue arrow) axes lead to the release of stress hormones from the adrenal gland into the circulation (solid purple arrow). These stress hormones can mediate organ-specific effects through activation of adrenergic and glucocorticoid receptors (solid gold arrows). In addition, nerves originating from the spinal ganglion innervate the visceral organs and mediate direct sympathetic activation (dotted black arrows). ", increase in response; #, decrease in response; D, change in response depending on irritant pollutant; Hyp, hypothalamus; CRH, corticotropin releasing hormone; ACTH, adrenocorticotropic hormone.
notion. The evidence from ozone inhalation studies may also provide some insights. Changes in catecholaminergic neurons within the locus coeruleus, striatum, and NTS, which process chemosensory signals, were noted after ozone exposure (CottetEmard et al., 1997; Soulage et al., 2004) . Ozone was also able to increase catecholamine turnover in sympathetic and central neurons located in the cervical ganglia, NTS, and cortex (Soulage et al., 2004) . In infant primates, episodic ozone exposure triggered neuroplasticity in the NTS neurons (Chen et al., 2003) . As mentioned earlier, Gackiere and colleagues (2011) demonstrated that ozone inhalation caused a time-and dose-dependent activation of stress-responsive regions, specifically the PVN and dorsolateral regions of the NTS overlapping terminal fields of lung vagal afferents, thus providing a possible mechanism by which ozone-induced lung responses are communicated to the hypothalamus. Chounlamountry et al. (2015) described how ozone promotes remodeling of glutamatergic synapses in the NTS in rats and concluded that "ozone-induced pulmonary inflammation results in a specific activation of vagal lung afferents rather than nonspecific overall brain alterations mediated by blood-borne agents". These studies support the evidence that neural mechanisms might be involved in air pollutioninduced neuroendocrine activation.
Lung Injury/Inflammation Following Air Pollution Exposure
One of the survival processes induced during a fight-or-flight response involves immune surveillance to recognize and remove any foreign substances or damaged host molecules during injury or infection. This process also assures that adequate mechanisms are in place to be more effective during potential subsequent encounters of the same insult by influencing the adaptive immune response (Cain and Cidlowski, 2015; Verburgvan Kemenade et al., 2017) . Lymphoid organs such as the spleen, thymus, lymph nodes, and bone marrow are essential for leukocyte maturation and release. Thymus atrophy (Dziedzic and White, 1986) and reduction in number of total thymocytes and splenocytes (Li and Richters, 1991) were noted after ozone exposure in animals. Chronic exposure to ozone has also been shown to induce splenomegaly (Hassett et al., 1985) and alter maturation of myelopoietic progenitors in the spleen (Goodman et al., 1989) . It was recently demonstrated that the spleen is a source of lung inflammatory macrophages after ozone exposure, and splenectomized rats exhibited decreased levels of ozone-induced pulmonary vascular leakage and cellular infiltration (Francis et al., 2017) . In addition, bone marrow-derived neutrophils were shown to be recruited into the lungs following ozone inhalation (Kenyon et al., 2006) . Although immune processes are tightly regulated by sympathetic adrenergic and steroidal mechanisms (Cain and Cidlowski, 2015; Verburg-van Kemenade et al., 2017) , these studies did not examine the neuroendocrine stress response as a contributing factor for these multi immune-organ effects.
The role of neuroendocrine stress pathways in inflammatory mechanisms derives from studies assessing the effects of psychosocial stresses. Several studies conducted by Dhabhar and colleagues (Dhabhar, 2014; Dhabhar et al., 2012 ) using a rat model of restraint-induced stress have characterized the dynamic relationships between increases in stress hormones and immune responses occurring minutes and hours after the encounter of stressful stimuli. These increases were first associated with the mobilization of lymphocytes, monocytes, and neutrophils from reservoirs such as bone marrow, spleen, or lymph nodes to the circulation, and then a reduction due to their extravasation to peripheral organs. These changes were confirmed by examining the effects of stress hormones injection in rats (Dhabhar, 2014; Dhabhar et al., 2012) . Moreover, in a study conducted by Clougherty et al. (2010) , a rat model of social stress was found to have higher circulating levels of markers of inflammation (TNF-a and white blood cell count) and injury (Creactive protein) as well as altered respiratory parameters following exposure to fine concentrated ambient particles. These data suggest that chronic stress may enhance adverse air pollution health effects.
Air pollutants are known to induce lung injury and inflammation. The role of epinephrine and corticosterone in pollutant-induced lung injury and inflammation was confirmed when ozone-induced lung damage and neutrophilic inflammation were diminished in adrenalectomized rats with near zero levels of these circulating stress hormones (Miller et al., 2016c) . This accompanied reversal of ozone-induced leukopenia. Adrenalectomy was also associated with reversal of lung transcriptional changes and induction of glucocorticoid responsive genes involved in inflammatory processes induced by ozone . The cytokine profile of the lung lavage fluid in rats that underwent sham surgeries indicated an increased IL-4 to interferon-c ratio (a Th2 phenotype linked to asthma) after ozone exposure that was not present in adrenalectomized rats. Moreover, when adrenergic and glucocorticoid receptors were antagonized by pharmacological intervention, ozone-induced lung protein leakage, neutrophilic inflammation, and changes in inflammatory cytokines were selectively prevented thus confirming specific roles of these stress hormone receptors in mediating lung inflammation (Henriquez et al., 2018a) . It was apparent that blocking glucocorticoid receptors reversed leukopenia whereas blocking b-adrenergic receptors was associated with diminished extravasation of neutrophils in the lung suggesting specific actions of different stress hormones and their receptors on different immune cell populations. We also demonstrated that the protection offered against ozone exposure by adrenalectomy can be reversed by treating rats with stress hormone receptor agonists (Henriquez et al., 2018b, manuscript under review) . Furthermore, agonists of b-adrenergic receptors have been shown to exacerbate inflammatory cytokines and thrombogenic effects following exposure to PM (Chiarella et al., 2014) . Collectively, these results indicate that neuroendocrine activation of the SAM and HPA axes are critical in mediating air pollution-induced lung injury and inflammation (Figure 3 ).
Metabolic Effects of Air Pollution Exposure
A number of studies have shown that concentrated PM and diesel exhaust inhalation impairs glucose metabolism, insulin signaling, and induces adipose inflammation (Liu et al., 2017; Xu et al., 2011) . The interactive effects between obesity and how these metabolic processes are impacted by air pollution exposure has also been examined (Pardo et al., 2018; Qiu et al., 2017b) . However, the metabolic changes have not been linked to the activation of the neuroendocrine pathways. Our recent series of studies involving ozone and acrolein exposure in rodents and humans show widespread metabolic effects that are similar to those induced by a fight-or-flight response involving adrenalderived stress hormones (Bass et al., 2013; Miller et al., 2015 Miller et al., , 2016a Snow et al., 2017) . We have demonstrated that acute ozone exposure produces fasting hyperglycemia, glucose intolerance, and increases hepatic gluconeogenesis that is associated with increases in circulating stress hormones (Bass et al., 2013; Miller et al., 2015 Miller et al., , 2016a . A recent study by Thomson and collaborators also supports the role of corticosterone in mediating ozone-induced glucose metabolic effects (Thomson et al., 2018) . Although glucose metabolism was altered after ozone exposure, we have shown that acute or repeated subchronic ozone exposure does not induce peripheral insulin resistance as determined by an insulin tolerance test and assessment of insulin signaling in the liver and muscle; however, it did attenuate glucose-mediated pancreatic b-cell insulin secretion (Miller et al., 2016b) . On the contrary, a study by Vella et al. (2015) involving 16 h of continuous ozone exposure demonstrated muscle insulin resistance in rats, likely due to the high concentration exposure over a long period of time. Epinephrine increases hepatic gluconeogenesis that contributes to hyperglycemia (Dufour et al., 2009) , whereas glucocorticoids regulate a wide array of metabolic processes including glucose metabolism through its effects on insulin production and action as well as adipose and muscle tissue metabolic processes (Fichna and Fichna, 2017) , and thus may contribute to ozone-induced metabolic changes. Catecholamines, such as epinephrine, have also been proposed to act through different members of the a-adrenergic family of receptors and impair insulin secretion through changes in cAMP and/or Ca 2þ levels, hyperpolarization of the pancreatic b-cells, or glucagon release from pancreatic a-cells (Peterhoff et al., 2003) . Incidentally, ambient ozone has been associated with type 1 diabetes in pregnant women and children (Beyerlein et al., 2015; Hathout et al., 2006) . Altogether, these studies implicate liver, adipose, pancreas, and muscle tissues as potential targets in ozone-induced glucose metabolic alterations through the action of circulating stress hormones. Using a serum metabolomics approach together with liver transcriptome analysis, we noted that the pattern of metabolite changes after ozone exposure reflected those that are induced in a classical flight-or-fight hormonal stress response. These approaches revealed adipose lipolysis, muscle protein catabolism, increased gluconeogenesis, and major alterations in liver lipid metabolism involving changes in mitochondrial bioenergetics (Miller et al., 2015) . Another irritant air pollutant, acrolein, which primarily deposits in the nasal airways, induced similar metabolic effects in terms of glucose intolerance and increases in circulating free fatty acids that were accompanied by changes in circulating stress hormones . A metabolomic assessment of human serum samples obtained from a clinical study involving controlled air or ozone exposure also provided evidence of increased adipose lipolysis and changes in lipid metabolic processes (Figure 4 ; Miller et al., 2016a) . Importantly, increases in circulating cortisol without changes in cortisone, which if increased can contribute to circulating cortisol, accompanied metabolic alterations, supporting the role of neuroendocrine stress axes activation (Miller et al., 2016a) . Wide-spread changes in lipid metabolites including increases in lysolipids, a variety of phospholipid metabolites, and b-oxidation byproducts in humans indicated an interactive effect of ozone and intermittent exercise. Some of these interactive effects of ozone stress and exercise may be more detrimental to health than the effect of ozone without concurrent exercise.
Similar to our findings with ozone-induced lung injury and inflammation described earlier, the contribution of circulating stress hormones in mediating systemic metabolic effects was confirmed by demonstrating that adrenalectomy prevented virtually all metabolic effects induced by ozone (Miller et al., 2016c) . Multiorgan metabolic effects of ozone in rats have been recently demonstrated in other studies using transcriptomic assessment of different organs (Thomson et al., 2016) . Thus, it is likely that similar to a single or persistent stress event, an acute or chronic exposure to air pollutants may contribute to metabolic disease. Collectively, these data confirm the link between neuroendocrine activation and metabolic impairment, and emphasize the process-specific changes that might or might not have lasting effects if the stressors are removed.
CONCLUSION AND FUTURE PERSPECTIVES
Although the mechanism(s) by which the lung communicates with the brain following air pollutant exposure remains to be fully elucidated, new studies demonstrate that air pollutants activate the neuroendocrine stress pathways involving the SAM and HPA axes, which produce widespread metabolic and innate immune changes in multiple organs. If air pollution exposures occur over a long period of time, the impairment in these processes can contribute to diabetes, obesity, cardiometabolic diseases, neurodegenerative diseases, and developmental abnormalities. Chronic inflammation is linked to recurrent stressors and is associated with persistent activation of the SAM and HPA axes as well as disease exacerbation through alteration in homeostatic balance and allostatic overload (Verburg-van Kemenade et al., 2017) . The modeling of environmental disease burdens incorporates allostatic load from a variety of stressors, thus, incorporating air pollution as an additional stressor can better inform relative disease risk and regulation strategies.
Observational studies in humans have linked increased levels of circulating stress hormones with exposure to air pollutants (Jia et al., 2018; Miller et al., 2016a) , which can be reduced following air purification (Li et al., 2017) . Psychosocial stresses have been shown to potentiate these adverse responses triggered by air pollution exposure (Clougherty et al., 2010) . For instance, stressful conditions during pregnancy were shown to increase air pollution health effects in children (Brunst et al., 2018) . Developmental abnormalities in the hypothalamus and neuroendocrine system have been presumed to be linked to heightened sensitivity of children to air pollution health effects and chronic pulmonary disease susceptibility (Cowell and Wright, 2017) . High levels of cortisol/corticosterone have also been linked to chronic stress, PTSD, and depression (Gelman et al., 2015; Hensler et al., 2013) . Therefore, the evidence of air pollutant activation of the SAM and HPA axes provides potential mechanistic commonalities between chemical and nonchemical psychosocial stressors. Better understanding of interactive effects of various stressors in peripheral chronic disease susceptibility will be useful in the development of preventive strategies and potential therapeutic interventions.
Exposure to some air pollutants (eg, ozone) lead to adaptation and diminished responses from subsequent exposures; however, the mechanisms are not well understood. Since a variety of brain centers involved in integrating adaptive and reversible homeostatic processes are induced after encounter with stress and air pollution exposure, it is likely that brain centers may play a role in this adaptation phenomenon. Understanding the role of neuroendocrine axes in adaptation and its failure in certain circumstances can allow for appropriate intervention strategies to counter air pollution effects.
The role of the autonomic nervous system in regulating reflex cardiopulmonary mechanisms has been primarily characterized using irritant air pollutants. Along those same lines, the bulk of the data presented here focuses on studies using the irritant air pollutants ozone and acrolein to demonstrate the role of the neuroendocrine system in mediating adverse pulmonary and systemic effects. It is therefore important to also determine whether particulate air pollutants, which induce less respiratory irritation and are cleared effectively by alveolar macrophages, can activate these same neuroendocrine responses.
The complex interplay of neural and endocrine systems responding to basic homeostatic mechanisms will be best addressed using an integrated systems approach and comprehensive evaluation strategies involving transcriptomic, metabolomic, proteomic, and epigenetic techniques. Manipulating neuroendocrine pathways represents a logical follow-up approach to understanding how air pollutants and other stressors might contribute to adaptability, allostatic load, and chronic disease. Major stress hormone receptors and their subtypes, which have been extensively manipulated therapeutically for chronic illnesses, are the key players in survival homeostatic processes. Incorporating cell signaling mechanisms and downstream cellular changes involving these adrenergic and glucocorticoid receptors will lead to the development of new adverse outcome pathways (AOPs). The creation of these AOPs in conjunction with understanding the complex interplay of environmental and psychosocial factors as well as the neural and endocrine pathways can provide a framework for future predictive modeling. As policy decision making gradually embraces more predictive approaches, real gains in public health outcomes will emerge, especially in those groups impacted by a spectrum of stressors.
